Walker assistive devices play an important role in extending the autonomy of elderly people and in recovering the mobility of people affected by locomotion disabilities. The next generation of walkers are hoped to include embedded sensors and data processing capabilities that will allow for the extraction of objective metrics (about gait and body posture) to assist the work of physiotherapists and to enable the self-control nature of walker usage. The paper presents the Andante, our latest proposal of a smart walker intended to monitor and analyze gait in real time. The system makes use of e-textile electrodes to sense the heart rate of the user, load cells to measure the forces applied on the walker legs, and an inertial measurement unit to sense motion and orientation. These signals are sampled locally and transferred over a Bluetooth link to a remote host, where they are processed in real time. Data processing includes the detection, classification, and characterization of the steps. A rich set of parameters is presented for each step, including estimates of balance and motor coordination, step length and azimuth, and lift of the walker frame. This information can be used by physiotherapist to objectively assess the physical condition of the user and tune rehabilitation therapy if needed. The proposed solution can be easily integrated into any commercial walker without any loss of functionality.
INTRODUCTION
Assistive walking devices play an important role in extending the autonomy of elderly people and in preventing accidental falls. This is especially important in modern societies, where the population is aging fast: in North America, 25 % of the population is estimated to be over the age of 65 years by the year 2025 [1] [2] ; and in the EU, by the year 2060, the life expectancies of women and men are anticipated to be around 89 and 84.5 years, respectively [3] .
Assistive walking devices are also key in recovering the mobility of people affected by locomotion disabilities (due to amputation, injuries to the spine, muscular dystrophies, or other causes). The use of walking aids is, in general, positive because it improves the user's confidence levels during long-term rehabilitation therapies. A study published by Vogt et al. [4] showed that the use of rollators (walkers with wheels) does not interfere with rehabilitation outcomes and, in some cases, may be highly useful in reducing rehabilitation times.
It is consensual that the proper use of mobility aiding devices contributes to the sustainability of healthcare systems [5] [6] , but the very same devices, if used inappropriately, can be harmful and cause serious injuries [7] [8] . The safety margin could be improved if users were educated on how to use the equipment properly, and if artificial intelligence was incorporated on the devices to detect and avoid risky situations.
In many rehabilitation processes, the evaluation of the user's balance and motor coordination is usually based on subjective data acquired through human observations. The decisions of the physiotherapist could be improved if they were based on objective metrics obtained from sensed data.
To address these problems, several instrumented walkers have been proposed to monitor and analyze gait [9] [10] . Load measurements are usually done by placing force sensors on the walker hand grips or on the walker legs [11] [12] [13] [14] [15] . Kinematic parameters related with human gait are often measured using accelerometers or inertial motion units (IMUs) attached to the walker frame. In this case, long-term drifts and persistent DC components must be filtered out so as not to affect the time integration of the signals [16] .
Solutions based on RADAR measurements are also considered in the relevant literature [17] [18] , and they are successful concerning the identification of gait patterns. However, they are not particularly efficient in obtaining accurate measurements about walking distance measurements.
Ultrasounds can also be used for obtaining distance measurements [19] , but they are not directional and are affected by environmental factors such as temperature and humidity.
Several works [20] [21] have also considered the usage of image processing techniques to monitor gait. The main advantages of these methods are related to their non-invasiveness, but they have strong limitations concerning camera positioning, and it is not possible, at all, to acquire data concerning force intensities.
Our team has been working on smart walkers over recent years [22] [23] [24] [25] . We have tried a broad set of sensors, including force sensing resistors and load cells to measure force, and LIDAR and microwave Doppler RADAR to measure distance and velocity. Our work has two main purposes: first, to monitor (and eventually correct) the usage of assistive gait devices and second, to extract objective gait metrics to assist physiotherapists in their work.
In this paper, we present the Andante, our latest proposal for a smart walker and the evolution of the prototype presented in [25] . It includes e-textile electrodes for capturing the heart rate of the user, load cells to measure the forces applied on the walker legs, an IMU to sense motion and orientation, and software to bind all the above together. Care was taken to preserve the native functionality of the device and to reduce the upgrade costs.
The paper is organized as follows: Section II defines the geometry and metrics used in the paper; section III describes the implemented measurement system; section IV presents experimental results; and section V draws conclusions from the results.
PRELIMINARY DEFINITIONS
A Cartesian coordinate system is established to represent the walker frame, and two indicators are defined to characterize user's gait.
Balance
The coordinate system illustrated in Figure 1 is used to study the forces applied on the walker frame. The walker legs are numbered from 1 to 4 (as quadrants) and the y-axis points to the forward direction. According to this arrangement, the centre of forces (COF) is given by: 
where Fk represents the force applied on the kth leg, W12, and W43 represents the distance between the front and rear legs, corresponding roughly to the mean walker width W. L represents the distance between the front and rear legs, corresponding to the walker length. In the present case, we use a Ayudas Dinámicas, model AD230 walker [26] , with the dimensions W12 = 51 cm, W43 = 53 cm, L = 45 cm, and weight = 2.5 kg. The relative deviation of the COF in relation to the geometrical centre of the walker polygon is a measure of imbalance. Conversely, the complement to one is an indicator of balance B:
Alpha () is a weighting factor that gives significance to B only when the user is loading the walker. It takes values from 0 to 1 depending on whether the walker is resting or is fully loaded with the user weight, as follows:
where FT represents the total force applied on the walker legs, and FU represents the user weight. 
Motor coordination
Motor coordination refers to the correct sequence of movements needed to complete a step. Consider the state machine illustrated in Figure 2 , where the states represent the gait phases, GPs, and the continuous arrows represent normal transitions between states [27] [28] . If the user completes a step passing through all the gait phases, the step is classified as good; otherwise is classified as bad. The number of good steps G in the last N is an indicator of motor coordination MC:
MEASUREMENT SYSTEM
The measurement system includes a wireless data acquisition module, an IMU, a heart rate sensor, four load cells, and software to bind all the above together.
Data acquisition
Data acquisition was performed by a Shimmer3 module from Shimmer Sensing [29] , including an embedded IMU, four external analog inputs (AI1-AI4) and a Bluetooth link. Wiring was passed through the tubular structure of the walker to connect the sensors to the analog inputs. Samples from all sensors (IMU and external) were acquired at a rate of 51.2 S/s and sent wirelessly to a remote host. This rate is well beyond the expected Nyquist frequency for physical movements, but not too high that it could overload the transmission and processing chain. The value itself is pre-defined in the Shimmer3 firmware.
Inertial sensors
The embedded IMU is used to sense motion and orientation. It has nine degrees of freedom (9DoF) given by a 3-axis accelerometer (model KXRB5-2042, Kionix), a 3-axis gyroscope (model MPU-9150, Invensense), and a 3-axis magnetometer (model LSM303DLHC, STMicroelectronics).
The IMU is placed horizontally, with its coordinate system aligned to that of the walker (shown in Figure 1 ). This way, the acceleration across the y axis gives motion in the forwardbackward direction, and the acceleration across the z axis, subtracted by 1 g, gives motion in the vertical direction. The Shimmer3 module is also able to know the orientation by fusing the data provided by the IMU in a so-called "gradient descent algorithm [30] ." The algorithm gives orientation in absolute ENU coordinates (local East-North-Up) with a delay of a few tenths of a second.
The IMU must be calibrated in advance to cancel offset errors and tune gain matrices. The calibration procedure [31] is executed once, in situ, and the results are saved into a nonvolatile memory.
Heart rate sensor
Heart rate is sensed by a pair of dry e-textile electrodes placed over the handgrips of the walker, tied with a tiny Velcro strip. They are removable, washable, and seem like ordinary fabric, thus not causing undue stress to the user.
The ECG signal is conditioned by an analog front end based on the AD8232. The signal passes through a two-pole band-pass filter, with cut-off frequencies at 7 Hz and 24 Hz, followed by an amplifier with 1000 gain. The narrow-band filter eliminates motion artefacts and line noise, but distorts the ECG waveform significantly, making it suitable only for heart rate detection. The output signal is connected to the first analog input, AI1, of the data acquisition module.
Force sensors
The forces applied on the walker legs are sensed by four load cells. Each cell is attached to the extremity of a leg, using a dedicated plastic adapter grown on a low-cost 3D printer, as shown in Figure 3a . The cell contains four strain gauges fixed to a small bending beam (55.3 x 12.7 x 12.7 mm) that supports 20 kgf. Other characteristics include: nominal output sensitivity = 1 mV/V, non-linearity = 0.05 % FS (full-scale) and hysteresis = 0.05 % FS. Bending beam cells were preferred to inline/axial cells because they are much cheaper.
Some engineering had to be undertaken to fit the four load cells into the three analog inputs available:
• Referring to the auxiliary axes p and q, passing over the load cell pairs 1 & 3 and 2 & 4 respectively, as shown in Figure 3b , the pair (p, q) is not perfectly orthogonal because the mean walker width W is not equal to the walker length L. Nevertheless, the pair is almost orthogonal, with a rotation angle that is near to +45 ° relative to (x, y). • Each load cell is supplied at 3 V and conditioned by an instrumentation amplifier with 100 gain. The voltages are combined in pairs, subtracted from each other (1-3 and 2-4), amplified by 4 and biased around 1.5 V, as shown in Figure  3c . The result is a voltage that varies linearly between 0.3 V and 2.7 V for forces applied along the axes p and q, between -D/2 and +D/2, where = √ 2 + 2 is the walker diagonal. The COF coordinates over the auxiliary axes are given as:
= ( 2.4 ) × ( AI3 − 1.5) (7) Figure 2 . Gait phases (GPs) during a walker step (the polygon delimits the support area). GP0: the walker is resting on the floor; GP1: the walker is flying; GP2: the walker is on the floor waiting for the injured foot to move forward; GP3: the injured foot is moving forward; GP4: waiting for the healthy foot to move forward; GP5: the healthy foot is moving forward.
where VAIX represents the voltage acquired at analog input 2 or 3, in Volt. • The conversion from (p, q) to (x, y) coordinates is undertaken by applying a rotation matrix with  = -45 °:
• Additionally, the signals from all load cells are summed together and injected in the analog input AI4 to get the total load applied on the walker. The resulting voltage varies linearly between 0 and 1.2 V for a total load between 0 and 80 kgf, thus giving:
Playing with the walker symmetry, together with some basic geometry, we were able to fit everything into just three analog inputs.
Software
The samples arriving at the host are handled by the Andante application, which acts as the interface for the physiotherapist. The application was developed using Visual Studio 2012 and makes use of Shimmer C# API [32] to interact with the Shimmer3 module.
The Andante application records its state on a relational database designed in Microsoft Access©. The database makes it possible to see how certain factors evolve over time (e.g., querying the performance of a given user during several therapy sessions) and to trace actions (e.g., querying which therapist assisted a given user in a given session). The database is composed in the form of five relevant tables, as shown in Figure  4 and described below:
• Physiotherapists: A list of physiotherapists registered in the application. Each physiotherapist has a unique ID associated with their name. • Users: A list of users registered in the application. Each user is described according to their ID, name, age, weight, and injury (left or right limb). • Walkers: A list of four-legged instrumented walkers registered in the application. Each walker is characterized by its ID, brand, model, serial number, the width between the front legs (W12), the width between the rear legs (W43), the distance between the front and rear legs (L), and offset errors. • Sessions: A list of physiotherapy sessions overseen by the application. Each session is characterized by its ID, physiotherapist, user receiving treatment, walker in use, timestamp, and location. • Steps: The list of steps detected during a given physiotherapy session. Each step is characterized by its ID, gait metrics computed by the measurement system, and free comments added by the physiotherapist.
The information in the tables of physiotherapists, users, and walkers must be edited in advance, outside of the Andante application, using Microsoft Access© tools, for instance. The 
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The main window of the Andante application has five buttons that give access to the following options (see Figure 5 ):
• Login: Selecting this option opens a dialog box into which the physiotherapist enters the data needed to create a new physiotherapy session (the physiotherapist in charge, user receiving treatment, and walker in use). • Connect: Selecting this option establishes a Bluetooth connection with the instrumented walker. • Calibrate Sensors: A dialog box is opened to extract the offset errors of the measurement system. With the walker resting on the floor, with no external force applied, the physiotherapist is instructed to register the COF coordinates and the weight of the walker frame. These residues are stored in the database in the record corresponding to the walker, columns COFx0, COFy0, and F0. Later, during data streaming, these residues are subtracted from Equations (1) and (2) and from the numerator of Equation (4). • Stream Data: A child window is opened, and the physiotherapist can monitor the usage of the walker (see section 3.5.1). • Disconnect: The Bluetooth connection with the instrumented walker is closed.
Stream data child window
The Stream Data child window opens a high-speed communication link to transfer data from the instrumented walker to the host (the link is unidirectional). The window launches two threads: a high-priority thread that stores the fastarriving samples into a buffer and a low-priority thread that runs every 200 ms to process the buffered data and update the user interface. The buffer contains a variable number of samples, from 10 to a few more, depending on the computer load. An update rate of 5 frames/s is enough to give the application good responsiveness and fluidity.
The buffered samples are processed sequentially in the same order in which they arrived. The processing includes the following main tasks:
1. Computation of the heart rate from the signal connected to AI1. A simple Schmitt-trigger algorithm, with fixed thresholds at 0.5 V and 1 V, is executed to detect the heart beats. The time between beats is used to compute the heart rate. 2. Computation of COFx and COFy from the signals connected to AI2 and AI3. This is done by solving Equations (6), (7) , and (8) in that order.
3. Computation of the balance indicator B considering the signal connected to AI4. This is done by solving Equations (9), (4), and (3) in that order. 4. Detection of good steps by running the state machine presented in Figure 6 .
Computation of the motor coordination indicator MC by
solving Equation (5).
The state machine illustrated in Figure 6 is a key element of the instrumented walker because it classifies steps as either good or bad. States 0 to 5 represent the gait phases (as in Figure 2 ) and state 10 represents a waiting state to rearm the machine. Transitions between states (Tfrom,to) are triggered by sensor measurements as follows:
• T0,1 is enabled if FT < WEIGHT_TH. This transition occurs when the total force measured by the load cells falls below a given threshold (below the walker weight). In other words, it occurs at the beginning of a new step when the walker is lifted in the air. • T1,2 is enabled if FT > WEIGHT_TH. This transition occurs when the walker touches the floor again. • T2,3 is enabled if COFx > RIGHT_TH or COFx < LEFT_TH depending on the injury (left or right limb, respectively). This transaction occurs when the user moves forward the injured limb and applies force on the opposite side. The injured limb is the first to move forward. The type of disability must be defined in advance to determine the threshold value. • T3,4 is enabled if COFx < RIGHT_TH or COFx > LEFT_TH depending on the injury (left or right limb, respectively). This occurs when the user alleviates the force previously applied on the walker, making COFx return to the origin. A step is marked as good if the machine passes through all the states from 0 to 5. A step is marked as bad if the user aborts it or moves forward the wrong limb.
The threshold WEIGHT_TH is equal to half of the weight of the walker frame. The thresholds RIGHT_TH and LEFT_TH are dynamic and computed as follows: If ( _ ( ) < +50 mm) _ ( ) = +50 mm (11) where k represents the kth good step, and min/maxCOFx(k-1) represents the minimum/maximum value reached by COFx during the previous (k -1) good step.
The processed data is shown in the graphical interface shown in Figure 7 , which contains four panels:
• Panel 1: The instantaneous value of the heart rate. This is useful for estimating the effort and stress felt by the user. • Panel 2: The COF is computed, and the result is presented as a cross, moving over an XY graph. When the user loads his left side, the cross moves toward negative values of X; otherwise, the cross moves toward the positive values of X.
The same applies to the front/back direction over the Y axis, much like a joystick. A vertical slider gives the instantaneous value of balance B. • Panel 3: A set of six LEDs is turned on sequentially while the state machine moves forward from state 0 to state 5. If the user passes through all the gait phases successfully, all the LEDs light up and the step is marked as good. If the user violates any gait phase, the machine is reset to state 0 and the step is marked as bad. The number of good and bad steps is registered. A vertical slider gives the instantaneous value of the motor coordination MC. -
Step length: Length of the step, in millimeters. The distance is estimated by double integrating the acceleration across the y axis. Prior to integration, the acceleration samples, collected only during state 1, are bandpass filtered, as described above. -Azimuth: Azimuth of the walker frame, in degrees. The values 0°, 90°, 180°, and 270° correspond to north (magnetic), east, south, and west, respectively. -Failure: Details the quality of the step according to the following enumeration: none, step aborted, injured foot failed to move forward, or healthy foot failed to move forward.
The physiotherapist can also add free comments to each step. The list can be saved to the database (into the Steps table) by clicking on a button.
EXPERIMENTAL RESULTS
The experimental tests were undertaken using a standard four-leg walker, Ayudas Dinámicas model AD230 [26] , with dimensions W12 = 51 cm, W43 = 53 cm, L = 45 cm, and weight = 2.5 kg.
The first test was intended to evaluate the accuracy of the COF measurements. The four walker legs were placed over four digital scales, model Spider 1S-60S from Mettler Toledo, and load was applied on the walker frame to move the COF to the 2 nd quadrant. The COF coordinates were computed knowing the geometry of the walker, and the weights were indicated by the scales (with a resolution of 20 gf). The COF coordinates measured by the Andante application were compared against the COF coordinates computed from the scales (the scales serve as a reference).
The experiment was repeated, rearranging the load to move the COF to the 4 th quadrant. Table 1 shows the COF coordinates measured by both systems (Andante and scales) in both arrangements (2 nd and 4 th quadrants). The distances to the origin r are also shown, as well as the corresponding relative errors .
The values obtained, below 10 %, are acceptable considering that the load cells are low cost and their alignment is not perfectly orthogonal (as explained in section 3.4).
The second test was undertaken in order to understand how the COF swings to the right and to the left during a good step. Figure 8 shows precisely that, together with the value of balance B. Both are related, with the balance falling whenever the COF moves away from the origin. The curves are explained as follows:
• State 0 was omitted because it is a waiting state.
• State 1 begins when the walker is lifted in the air and ends when the walker touches the floor again. • State 2 is a waiting state that ends when the user moves the injured limb forward (making COFx cross LEFT_TH).
• During state 3, the user loads his left side to compensate for the lack of support on the injured limb. COFx then returns to the origin and the machine moves to the next state. • State 4 is another waiting state that ends when the user moves the healthy limb forward (making COFx cross RIGHT_TH). • During state 5, the user transfers part of his weight to the right. The load applied during state 5 is lower than that applied on state 3 because the healthy limb moves more easily than the injured limb. The step ends when both feet stay sideby-side, making COFx return to the origin and restart the state machine.
The third test was undertaken with the help of a user with impaired gait caused by an injury in the right lower limb. The user was instructed to follow an imaginary straight line, first in an early stage of the therapy Figure 9a ) and then some weeks later in a later stage of the therapy (Figure 9b ). The XY graphs cover 12 steps, with each step represented by a line segment. The length and angle of the segment represent the traveled distance and azimuth of the walker. The user moves from the origin (0, 0) to the periphery. Table 2 summarizes the metrics obtained for both experiments. The averages and standard deviations cover the 12 steps, except for the motor coordination MC, which considers only the final value.
The user followed a trajectory that was almost linear in both experiments, with mean squared errors equal to 9.3 cm and 2.2 cm, in the early and final stages of the therapy, respectively. In fact, all metrics show that the physical condition of the user has improved: balance and motor coordination increased, the total Table 1 . Comparison between the Andante and a reference system regarding the computation of COF coordinates.
Experiment

COF coordinates
Distance to origin r Andante Scales Andante Scales Step length (cm) average 21.2 33.6 std 9.4 8.9
Total travelled distance (m) -----2. distance traveled also increased, steps became longer and more regular, and the walker began to be handled more easily (as indicated by higher lifts).
CONCLUSION
The experimental results show that the Andante is able to detect and classify steps on a standard four-legged walker. Each step is characterized by a rich set of parameters, including estimates of balance and motor coordination, step length and azimuth, and lift of the walker frame. This record of information can be used by a physiotherapist to objectively assess the physical condition of the user. If these records are saved during multiple sessions, the physiotherapist can look at them, understand how the rehabilitation therapy is progressing over time, and take corrective actions if needed. 
